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Since their introduction in clinical dentistry, hydraulic cements have gained popularity.
Their applications are diverse and their usefulness is due to their hydraulic nature.
These materials require water to set and reach their optimal physical and mechanical
characteristics, do not deteriorate whenwet, and form calcium hydroxide as a by-product
of the hydration reaction. All these characteristics are important for a number of clinical
applications. The first hydraulic cement was a simple mixture of Portland cement, as used
in the construction industry, with bismuth oxide to increase its radio-opacity. Regardless
of being a hydraulic calcium silicate, it was initially incorrectly labeled as a phosphate
cement misleadingly called “mineral trioxide aggregate.” Since then, beneficial clinical
applications have led to the development of a number of materials with a different
base, alternative vehicles, and incorporating modifiers of various kinds. Given the variety,
and possible confusion, a rational classification of hydraulic cements used in dentistry
is necessary. The classification is primarily dependent on the clinical context in which
the materials are used as this informs the user about the environment and possible
interactions. Secondly, a classification based on the material constitution is given as
knowledge of its chemistry will help predict behavior, identify risks, and thus facilitate
selection and handling.
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INTRODUCTION
Hydraulic cements set by reaction with water (i.e., a hydration reaction); they can also be employed
in wet environments, but drying before complete reaction is detrimental. Further reactions may
occur with components of the environment (blood, tissue fluid, dentine, bone, irrigating solutions,
restorative materials), modifying the chemistry, primarily at the surface, such that their interaction
with that environment is altered. This environmental interaction may be of some considerable
importance as it implies a change in surface chemistry, failure to set and these changes may have
deleterious effects on the material.
One such material is Portland cement, as used in the construction industry. Its properties led
to the suggestion that it may be used in dentistry in permanently wet contexts, such as those of
root-end surgery and perforation repair (1, 2). It may be noted that its first use as a dental material
in fact dates to the late nineteenth century (3) for an endodontic filler, and further developed by
Schlenker (4), but it was not until Torabinejad patented it as “mineral trioxide aggregate” (“MTA”)
(5) for “tooth filling” that it was taken up widely in clinical practice. Long-term stability in this wet
environment is a critical requirement for this application.MTAwas initially claimed to be a calcium
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phosphate-based cement (6), but it was identified as a hydraulic
calcium silicate in 2005 (7). Since then a number of related
materials have been developed and used for various applications
in clinical dentistry, mostly related to endodontic procedures. A
proper classification is thus believed to be necessary due to the
diversity in chemistry and clinical application.
CLASSIFICATIONS
Two classifications are being proposed for dental hydraulic
cements according to
1. Clinical context: the environment and specific use
2. Constitution: chemistry and presentation.
Clinical Context
The basis of this classification is that the changes thematerial may
undergo vary according to the specific environment (Figure 1).
Thus, there are three distinct contexts:
- Intracoronal—pulp protection, barrier for regenerative
endodontic procedures;
- Intraradicular—root canal sealing, apical plugs;
- Extraradicular—root-end fillers, perforation repair materials.
Constitution
The basis of this classification is shown in Figure 2. The
behavior and properties, and especially the hydration process,
of a hydraulic cement depends on its chemistry. Specifically, for
the hydraulic calcium silicates, these materials are all dependant
on the cement chemistry, the modifiers used and whether the
material is mixed with water or not. Based on this, the types of
FIGURE 1 | Schematic drawing of a cross section through a tooth.
hydraulic calcium silicate cements currently available for clinical
use may be identified as indicated in Table 1. The addition of a
radio-opacifier is desirable as it allows post-operative detection
and follow up.
DISCUSSION
A classification of materials depending on their specific use
as shown in Figure 1 is useful as it informs the user of
the environment that the material is placed in, and thus the
anticipated interactions. The purely chemical changes that occur
on the surface of materials in contact with various clinical
environments has erroneously been termed “bioactivity” (8).
The clinical relevance of testing for this, primarily through
the observation of the deposition of calcium phosphates,
has been questioned as the use of so-called synthetic tissue
fluids cannot mimic clinical conditions (9, 10). For hydraulic
cements a similar effect has also been described (11), but
the nature of the precipitate varies depending on where the
material is placed. Calcium carbonate has been shown to
form when the materials are in contact with blood (12),
as are root-end fillings (13), and when used as a barrier
material in regenerative endodontic procedures (14), whereas
apatitic material forms in contact with dentine when the
material is used as a root canal sealer (15) and in vital pulp
therapy (16).
A distinction has to be made between intracoronal,
intraradicular, and extraradicular materials on the basis of
the nature of the environment. Pulp protection and barrier
materials used for regenerative endodontic procedures are in
contact with the dental pulp and coronal dentine. Intraradicular
Frontiers in Dental Medicine | www.frontiersin.org 2 September 2020 | Volume 1 | Article 9
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FIGURE 2 | Classification of hydraulic cements based on their chemistry.
sealers and apical plug materials are used following procedures
aimed at eliminating bacteria in the root canal and are thus are
in contact with treated dentine but limited amounts of fluid.
On the other hand, extraradicular materials are in contact with
untreated dentine. Their surface is completely in contact with
blood and tissue fluids. The distinction between the groups in
this sense is clear.
2(3CaO.SiO2) + 6H2O 3CaO.2SiO2.3H2O + 3Ca(OH)2 (1)
tricalcium silicate water calcium silicate hydrate calcium hydroxide
2(2CaO.SiO2) + 4H2O 3CaO.2SiO2.3H2O + Ca(OH)2 (2)
dicalcium silicate water calcium silicate hydrate calcium hydroxide
The classification of the materials based on their chemistry is
more precise and also shows how each part of the classification
varies depending on specific reactions. The term “hydraulic”
is used to define the setting reaction (i.e., with water), and the
ability to set and then be stable in a wet environment, which is
crucial. For this reason, a sub-classification of hydraulic silicate
cements has been used to differentiate materials such as Portland
cement, which is a silicate, from calcium aluminates that are also
being proposed as dental materials (17–19). These materials are
all hydraulic but have different chemistries otherwise. The term
“hydraulic silicate cement” for this kind of dental materials was
introduced by Darvell andWu (20) to describe “MTA.” A further
subdivision is necessary to differentiate the calcium-based
materials from other cementitious silicates due to the specific
application of these materials in clinical dentistry to replace the
use of calcium hydroxide itself. In reacting with water, hydraulic
calcium silicates produce calcium hydroxide (Equations 1, 2),
which then makes the cement beneficial for several clinical uses.
The reactions of di- and tricalcium silicates have been studied
extensively for Portland cement for the construction industry
(21–23) (the silicate hydrates are idealized formulae).
The distinction between silicates in general and calcium silicates
has been made specifically because of the formation of the
calcium hydroxide by the latter. Since only dental materials are of
interest and radio-opacity is a pre-requisite for all dental devices,
radio-opacifiers are not specified separately. The radio-opacity
of Portland cement, the basis of “MTA,” has been shown to be
inadequate (24). All hydraulic endodontic cements require the
addition of a radio-opacifier to be able to comply with the existing
standard (25). This standard is for endodontic sealers but to date
there are no standards for other material types.
Overall, the hydraulic calcium silicate cements are classified
according to the basic components, the presence or absence of
additives, and by whether supplied as a powder to be mixed with
water or suspended in a non-aqueous vehicle. All three factors
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TABLE 1 | Classification of clinically available radiopacified hydraulic calcium
silicate cements.
Type Cement Additives Water Commercial example
1 Portland cement No Yes ProRoot MTA
2 Portland cement Yes Yes MTA Angelus, MTA HP
3 Portland cement Yes No BioC (Angelus)
4 Tricalcium/dicalcium
silicate




change the material chemistry and modify the cement hydration.
The cement components are important as the hydration process
of Portland cement differs from that of just calcium silicates.
Portland cement has an aluminate phase which hydrates to form
ettringite and a “monosulphate,” depending on the availability
of sulfate ions from the calcium sulfate that is added to the
commercial product to delay setting. Materials with various
amounts of calcium sulfate have been suggested for dental use.
Raw cement clinker, with no added calcium sulfate, flash-sets
(26, 27). A hydraulic calcium silicate mixed with a calcium
aluminate results in a material with a shorter setting time. The
addition of calcium sulfate to such mixtures results in expanding
cements and these have poorer biocompatibility (28, 29).
Clinically, the change from industrial Portland cement to
synthetic calcium silicate mixtures arose from concern about
the leaching of aluminum ions, which have been detected in
various peripheral organs and are also associated with oxidative
stress in the brain (30–32). Furthermore, toxic heavy metals
such as chromium, arsenic and lead are found in commercial
Portland cements (33), resulting from the use of impure natural
raw materials and wastes. The ISO standard for water-based
cements (34) only specifies limits for acid-extractable arsenic in
zinc phosphate and polycarboxylate cements, and for lead in
these and glass ionomer cements; chromium is not mentioned.
For hydraulic silicate cements, the acid-extractable arsenic and
lead could be higher than the ISO limits (33, 35–39), while milder
conditions, such as synthetic tissue fluid, gave minimal amounts
(36, 40). The synthetic calcium silicates are made from purer
laboratory-grade raw materials using cleaner manufacturing
processes. A separate category is therefore appropriate.
The final subdivision differentiates between materials that
are supplied as a powder to be mixed with water from those
presented suspended in a non-aqueous vehicle and which rely
on the diffusion of water from the surroundings for hydration
to proceed. These latter are supplied in a syringe, but because no
mixing by the user is required are called “premixed.” This term
is not meaningful since the reactant water is not present in the
product (8). Other setting matrices, such as polymerizing resins
and salicylates, which do not involve water, cannot be considered
as forming hydraulic cements (8).
A functional labeling of types from within the above
classification covers essentially all hydraulic calcium silicates
currently used in clinical practice (Table 1). These types are based
on the type of cement used, the presence or absence of mixing
water and also the use of modifiers. Only the original version
of MTA (ProRoot MTA, Denstply, Tulsa, OK, USA) does not
include any additive except radio-opacifier.
Various other additives have been used to modify the
properties and behavior of the hydraulic calcium silicate cements
under all of the above categories, but in no systematic fashion.
These fall broadly into two groups: reaction and physical
modifiers. Thus, reaction modifiers include fumed silica, which
reacts with the calcium hydroxide formed (Equations 1, 2) to
produce further hydrated calcium silicate, and calcium carbonate
and calcium oxide; all of these modify the overall reaction
rate (41–43). Such substances are known in the construction
industry, somewhat archaically, as “mineral” additives (44).
Calcium chloride can be used to reduce the setting time (45).
Reaction modifiers may also be cementitious; for example,
hydroxyapatite and monobasic calcium phosphate have been
used in a number of formulations supposedly to enhance the
material’s “bioactivity.” This claim arises from reaction of the
generated calcium hydroxide with free phosphate in synthetic
tissue fluids, forming calcium phosphate(s). As explained earlier,
this has no clinical relevance: the reactions are purely chemical,
no biology is involved. The effect of the addition of calcium
phosphate depends on type and proportion, but results in
reduction in the final amount of calcium hydroxide, with
consequent deterioration in biological properties (46, 47).
The physical properties of the mixed aqueous materials may
be altered by water-soluble polymers, which raise the viscosity of
the mixture and thus may improve their fluidity and handling
(48, 49), the original formulation being notoriously difficult even
noted by Schlenker (4).
Mechanical modifiers can also be included in the classification
and radio-opacifiers can be considered as such. However,
whether they actually improve strength or hardness is unclear;
this would not be expected (50). Reaction modifiers such as
fumed silica and calcium carbonate could also be considered as
mechanical modifiers, but this is only proper when the water-
cement ratio is controlled (51, 52).
The selection of a product for a specific clinical use, the
context, depends on a variety of attributes and values. The
choice may arise from a combination of the base constitution
and modifiers, so again does not lend itself to a systematic
categorization—a dichotomous scheme of classification in this
sense is not possible.
CONCLUSIONS
A clear chemical classification of hydraulic cements used
in dentistry is necessary since the various materials behave
differently, as reflected in their specific clinical uses.
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